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Do iodine or thiocyanate play a role in p-type dye sensitized solar 
cells? 
Christopher J. Wood,[a] Calum A. McGregor,[a] Elizabeth A. Gibson [a],[b]*  
Abstract: Charge-recombination at the NiO/electrolyte interface is 
one of the performance-limiting factors that prevent p-type dye-
sensitized solar cells (p-DSCs) from matching the efficiency of 
conventional TiO2 devices. This article describes the role of the redox 
mediator species I–, I3
– and I2 in the charge-transfer processes at the 
NiO/electrolyte interface. NiO appears to catalyze the oxidation iodide 
but the addition of GuSCN inhibits recombination by forming a 
complex with I2. This increases the voltage but decreases the current 
so the efficiency is only slightly improved.  These results suggest that 
new redox electrolytes will be needed if Tandem DSCs are to exceed 
the efficiency of state-of-the-art TiO2 devices. 
Introduction 
Dye-sensitized photocathodes provide a way to increase the 
efficiency of dye-sensitized solar cells (DSCs) by replacing the 
passive counter electrode in conventional devices to form a 
tandem cell.1,2 Having two photoelectrodes in series in a single 
device increases the theoretical efficiency from 33% to 45%.3 
However, the promised step change in conversion efficiency has 
not been realized to date because of the poor performance of dye-
sensitized NiO photocathodes compared to TiO2 photoanodes.4–6  
The redox mediator plays a crucial role in the operation of any 
dye-sensitized solar cell.7 A range of solution based redox 
mediators have been investigated, including I–/I3– and 
organometallic complexes based on Fe3+/2+ and Co3+/Co2+.4,8–12 
Many different variations of the I–/I3– redox couple have been 
reported, which incorporate a variety of I– salts, solvent systems 
and additives.13–17 The primary functions of the redox mediator 
are (1) to regenerate the dye following photo-oxidation in n-DSCs 
or photo-reduction in p-DSCs and (2) to transport charge to the 
counter electrode, as shown in Figure 1. 
Figure 1. Schematic illustration of a tandem dye-sensitized solar cell 
 
 
Figure 2. Schematic illustrations of the current generating (top) and 
recombination processes (bottom) in a p-type dye-sensitized solar cell: (a) the 
dye is excited by visible light; (b) the excited dye accepts an electron from NiO; 
(c) I3– accepts an electron from the reduced dye to form I2●– which 
disproportionates to form I– and I3– ; (d) I– diffuses to the counter electrode where 
it is reduced to I3–; (e) the excited dye relaxes radiatively or non-radiatively to 
the ground state; (f) holes in the NiO react with electrons in the reduced dye; (g) 
holes in the NiO oxidise the electrolyte. 
 
For a p-DSC under illumination, the open-circuit potential (VOC) is 
the difference between the quasi-Fermi level close to the valence 
band of the NiO and the redox potential of the electrolyte (Figure 
2). The quasi-Fermi is dependent on the concentration of 
photogenerated charge carriers in the NiO and will therefore be 
affected by charge recombination at the dye/NiO ((f) in Figure 2) 
and electrolyte/NiO interfaces ((g) in Figure 2).18,19 Both of these 
processes seem to be faster in p-DSCs than n-DSCs based on 
TiO2 and severely limit the performance of p-DSCs.1 Despite the 
growing interest in this research area and the need to overcome 
these processes, the mechanism by which charge in the NiO is 
intercepted by the electrolyte ((g) in Figure 2) has not been 
established. Initially it was thought that I– was the electron donor.20 
However, Mori et al. demonstrated that the concentration of I– had 
little overall influence on the rate of recombination, possibly due 
to the small difference in potential energy (ca. 200 mV) between 
the I–/I3– couple and the valence band edge of the NiO.19 Likewise 
the recombination mechanism at the TiO2/electrolyte interface in 
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n-DSCs is unclear. For n-DSCs, it was initially proposed that the 
main recombination pathway was via I3–.21 However, O’Regan et 
al. demonstrated that the rate of recombination was independent 
of the concentration of I3–.18 Instead, a correlation between the 
concentration of free I2 and the rate of recombination was 
observed. This suggests that the main pathway for recombination 
in an n-DSC is via the reduction of I2 despite it being present in 
nanomolar concentrations in the organic solvents used, such as 
acetonitrile. Here we have attempted to determine recombination 
mechanism in p-DSCs by independently varying the 
concentrations of free molecular I2 and I3– in the electrolyte 
solution and examining the role of additives in the electrolyte.  
Results  
Figure 3. Molecular structure of the donor-π-acceptor dyes 1 and 2 used in this 
study.29,32  
 
NiO electrodes were sensitized with 1 (Figure 3) and assembled 
in sandwich cells with a platinised counter electrode. Two series 
of electrolytes, IOD and TRI, were used and their compositions 
are listed in Table 1.29 By changing the ratio of I– to I3– the 
concentration of free I2 was varied in the IOD series and the 
concentration of I3– was varied in the TRI series. The equilibrium 
concentrations of I3– ([I3–]eq) and I2 ([I2]free) were calculated as 
described by O’Regan et al. using Equations 1 and 2.28 The 
concentration of LiClO4 in both electrolyte series was adjusted to 
maintain the ionic strength of these solutions. Keeping the 
concentration of Li+ constant is essential as Li+ is thought to 
adsorb onto the NiO surface, lowering the energy of the valence 
band and increasing the VOC.30,31 
 
Equation 1     𝑲𝒆𝒒 =
[𝑰𝟑
−]
[𝑰−][𝑰𝟐]
    
Equation 2   𝑲𝒆𝒒 =  
[𝑰𝟑
−]𝒆𝒒
([𝑰−]𝟎−[𝑰𝟑
−]𝒆𝒒)([𝑰𝟐]𝟎−[𝑰𝟑
−]𝒆𝒒)
 
 
Table 1. Summary of the electrolytes in the IOD and TRI series 
Electrolyte 
Series 
[I–]0 [a] [I2]0 [b] [I3–]eq [c] [I2]free [d] [LiClO4] 
(mM) (mM) (mM) (nM) (mM) 
IOD 
1300; 1000; 
700; 400; 
200 
100 100 
13; 18; 26; 
53; 158 
0; 300; 600; 
700; 1170 
TRI 
1300; 1000; 
700; 500; 
130 
130; 100; 70; 
50; 13 
130; 100; 70; 
50; 13 
18 
0; 300; 600; 
700; 1170 
[a],[b] Concentration of LiI and I2 added to the electrolyte solution.[c],[d] 
Concentration of I3- and free I2 calculated from Equations S1 and S2 in the ESI.18 
Varying the concentration of free iodine 
The current density vs. voltage curves for p-DSCs incorporating 
the IOD series of electrolytes are given in Figure 4, a summary of 
the photovoltaic performance is given in Table 3. The 
photocurrents obtained by these p-DSCs were fairly similar 
except for the electrolyte with the highest [I2]free which gave a 
slightly lower short-circuit current density (JSC). This is consistent 
with the IPCE spectra (Figure 4) in which the IPCE at λmax for the 
first four devices are 23-25%. Dye 1 has a sharp absorption band 
at 540 nm on NiO. This allowed us to observe any variation in the 
photocurrent being generated by the photolysis of I3– which 
absorbs at shorter wavelengths (See Figure S12).33 The IPCE at 
400 nm for all the IOD1-5 cells were very similar (22-24%), 
indicating that the [I3–]eq in the electrolyte solutions was the same. 
For comparison, Figure S1 and S2 contain the results from p-
DSCs where the [I3–]eq in the electrolyte is varied over an order of 
magnitude (1.0 M LiI and 0.05-0.5 M I2). Figure S2 in the ESI 
shows that in these devices there is a significant increase in the 
IPCE at 400 nm with increasing amounts of added I2. 
 
Table 3. Summary of the photovoltaic performance of p-DSCs from the IOD 
series dyed with 1. 
Electrolyte 
[I2]freea JSCb VOCc FFd ηe IPCEf 
(nM) (mA cm-2) (mV) (%) (%) (%) 
IOD1 13 2.33 100 36 0.08 24 
IOD2 18 2.13 93 36 0.07 25 
IOD3 26 2.09 83 35 0.06 25 
IOD4 53 2.14 73 35 0.05 23 
IOD5 158 1.87 56 30 0.03 20 
[a] Concentration of free I2, [b]JSC is the short-circuit current density at the V = 0 
intercept. [c] VOC is the open-circuit voltage at the J = 0 intercept. [d]FF is the 
device fill factor. [e]η is the power conversion efficiency. [f]ICPE is the 
monochromatic incident photon-to-current conversion efficiency. 
The VOC decreases exponentially as [I2]free increases and [I–]eq 
decreases across the IOD series as shown in Figures 5 and S6 in 
the ESI. Figure 4 also shows that the magnitude of the dark 
current at a given potential increases across the series. The 
charge lifetime (τh) and charge density (QOC) in the NiO were 
determined using small square wave modulated photovoltage 
experiments and charge extraction experiments.25,27 τh is plotted 
QOC in Figure 5 and Table 4 summarizes τh for IOD series at a 
similar VOC. There is a significant decrease in τh with increasing 
[I2,free] in the electrolyte solution. From Figure 5 the rate of 
recombination (1/τh) appears to increase linearly as [I2]free 
increases and [I–]eq decreases. Figure S7 shows the charge 
transport time (τtr) in the NiO electrodes decreases only slightly 
with increasing [I2]free. 
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Figure 4. Photocurrent density-photovoltage curves (solid line, top), dark 
current curves (dashed line, top) and IPCE spectra (bottom) of p-DSCs from the 
IOD series dyed with 1. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Plot of charge lifetime vs. extracted charge of p-DSCs from the IOD 
series dyed with 1 (top). Plot demonstrating the relationship between the 
concentration of free I2 and the rate of charge recombination (1/τh) at a similar 
VOC (bottom). 
 
Table 4. Summary of charge lifetimes at a similar photovoltage (listed) for p-
DSCs sensitized by 1 and incorporating IOD 1-5.  
Electrolyte  
[I2]free [a] VOC [b] τh [c] 1/τh [d] 
(nM) (mV) (s) (s-1) 
IOD1 13 56.9 0.332 3.0 
IOD2 18 55.1 0.261 3.8 
IOD3 26 56.9 0.152 6.6 
IOD4 53 55.7 0.074 13.6 
IOD5 158 49.4 0.038 26.4 
[a]Concentration of free I2, [b]Voc is the open-circuit voltage. [c]τh is the lifetime of 
the positive charge in the NiO at the given photovoltage, allowing for comparison 
of the charge lifetime at similar charge densities.[d]1/τh is the rate charge 
interception by the redox couple at the selected VOC. 
A second set of p-DSCs incorporating the IOD series was 
constructed with dye 2 as the sensitizer. The photovoltaic 
performance of devices sensitized by 2 are summarized in Table 
S4 in the ESI. The devices exhibited very similar behaviour to 
those sensitized by 1, confirming that this trend is not unique to 
the dye.  Dye 2 generates higher photocurrents than 1, due to its 
very broad absorption spectrum which extends towards the near-
IR. This allowed us to observe the same trend in τh across the IOD 
series at higher charge densities (Figure S8). 
 
Varying the concentration of triiodide 
The TRI series of electrolytes varied [I3–]eq whilst keeping [I2]free 
fixed at 18 nM. The JSC obtained for these devices was again 
similar, with the exception of the p-DSC with the lowest [I3–] (13 
mM). The trend in IPCE for the TRI series (Figure S13 in the ESI) 
agrees with the JSC and we attribute the lower photocurrent 
generated by TRI5 to inefficient dye regeneration (i.e. electron 
transfer from the photoreduced dye to I3– generating I2–•).29,33 As 
anticipated, the photocurrent generated as a result of the 
photolysis of I3– (ca. 400 nm) decreases slightly from 130 mM I3– 
to 50 mM I3– and then drops at 13 mM I3–.33 There was little 
difference in the magnitude of the dark current and τh for the TRI 
series of cells which are provided in Figure 6.   
 
Table 5. Summary of the photovoltaic performance of p-DSCs from the TRI 
series dyed with 1. 
Electrolyte 
[I3-]eq[a] JSC VOC FF η IPCE 
(mM) 
(mA 
cm-2) 
(mV) (%) (%) (%) 
TRI1 130 2.36 101 36 0.09 25 
TRI2 100 2.56 100 35 0.09 25 
TRI3 70 2.63 101 34 0.09 26 
TRI4 50 2.31 93 34 0.07 24 
TRI5 13 1.40 88 32 0.04 13 
a] Concentration of triiodide 
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Figure 6. Photocurrent density-photovoltage curves (solid line, top), dark 
current curves (dashed line, top) and charge lifetime vs. charge density (bottom) 
of p-DSCs from the TRI series dyed with 1. 
Figure 7. Photocurrent density-photovoltage curves (solid line, top), dark 
current curves (dashed line, top and charge lifetime vs. charge density (bottom) 
of p-DSCs dyed with 1 with varying amounts of added I2 and GuSCN. 
 
Effect of guanidinium thiocyanate as an electrolyte additive 
Guanidinium thiocyanate is often used as an additive in 
electrolytes for TiO2 n-DSCs. To investigate what effect this has 
on p-DSCs we prepared a four devices incorporating different 
amounts of added I2 with and without GuSCN. The current density 
vs. voltage curves are given in Figure 7 and the photovoltaic 
performance of these devices is summarized in Table 6.  
 
Table 6. Summary of the photovoltaic performance of p-DSCs dyed with 1 with 
varying amounts of added I2 and GuSCN. 
[I2]0a [GuSCN] JSC VOC FF η 
(M) (mM) (mA cm-2) (mV) (%) (%) 
0.1 0 2.58 110 35 0.1 
0.1 50 2.37 118 36 0.1 
0.5 0 2.76 77 34 0.07 
0.5 50 2.19 100 37 0.08 
aConcentration of added iodine.  
 
Figure 7 shows that GuSCN has an effect on the rate of charge 
recombination in these devices, consistently increasing τh. This 
effect is more pronounced in the device incorporating 0.5 M added 
I2, in which the VOC is 23 mV higher. Plots of extracted charge vs. 
photovoltage are given in Figure S17 in the ESI. The VOC at similar 
values of charge density agree within 5 mV for the cells with and 
without GuSCN but there is a 30 mV positive shift between the 
cell with 0.1 M added I2 and 0.5 M added I2.  
 
Oxidation at the NiO electrode/electrolyte interface 
 
Figure S21 shows the electrochemistry of IOD2 and IOD5 with a 
platinum working electrode. The redox behaviour of I3–/I– at Pt is 
well documented.46,47 Two waves are typically observed which 
have been assigned to (1) I–/I3– at more negative potential and (2) 
I3–/I2 at more positive potential (Figure 8) as shown in the 
equations below . 
 
Equation 3  I2 + 2e– = 2I–  then  I–  + I2 = I3–  
Process (1) EC mechanism  
Equation 4  I3– = I–  + I2  then  I2 + 2e– = 2I–   
Process (2) CE mechanism 
 
The gap between the waves is equal to 2 x Keq (Equation 1). 
Boschloo et al. have estimated the redox potentials for the 
reduction of the key species in the electrolyte including I–, I3– and 
I2 and recently mapped them onto the density of states near the 
NiO valence band.45, 31 The valence band edge of NiO lies at ca. 
0.51 V vs. NHE, which is in between E’(I3–/I–) (0.33 V vs. NHE) 
and E’(I3–/I2) (0.80 V vs. NHE), and is close to the formal potential 
for E’(I–/I2) (0.52 V vs. NHE).51, 33 
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Figure 9 shows the electrochemistry of IOD2 and IOD5 with a 
non-dyed NiO working electrode. Figure S22-27 in the ESI show 
control experiments at FTO and NiO electrodes in the presence 
of LiClO4, ferrocene, IOD2 and IOD5. In the presence of the inert 
electrolyte, as an increasingly positive potential is applied Ni2+ is 
oxidized to Ni3+ and Li+ cations are desorbed from the surface.30 
Ferrocene is reversibly oxidized at NiO whereas the redox 
reaction is slow on FTO. This is consistent with the NiO valence 
band edge lying at a more negative potential (ca. –0.12 V33) than 
ferrocene. In Figure 9, a catalytic wave is observed for NiO in the 
presence of IOD2 but a diffusion-controlled wave is observed for 
IOD5. This suggests that the [I–] in IOD5 is too low to saturate the 
surface.  
Figure 9. Cyclic voltammetry of a 1.0 M LiClO4 (blue), 2 mM ferrocene and 1.0 
M LiClO4 (orange), IOD2 (black) and IOD5 (red) solution in acetonitrile with an 
undyed NiO on FTO working electrode (top). Rest potentials of LiClO4 solutions 
at a NiO (brown) or glassy carbon (black) working electrode following the 
addition of increasing concentrations of TBAI (bottom). 
 
To remove any distortion in the results from the dye interacting 
with the electrolyte as described above, we tested the IOD series 
without the dye (NiO only, Figures S9-S11 and Table S5 in the 
ESI). In these devices the photocurrent and photovoltage arise 
only from the the photolysis of I3– (as shown in the IPCE and 
absorption spectra in Figures S11 and S12). The trend in VOC and 
dark current observed across the IOD series for these dye-free 
cells matched that of the dye-sensitized solar cells. However, 
there was an increased drop (62%) for the dye-free cells 
compared to the dye-sensitized cells (44%). This is probably due 
to more surface recombination in the absence of the dye. A 
number of dye-free cells incorporating increasing concentrations 
of GuSCN were also tested to examine the effect of adding 
GuSCN on the current and voltage generated by the photolysis of 
I3–. The electrolytes used consisted of 1.0 M LiI, 0.1 M I2 and 0-
0.5 M GuSCN in acetonitrile. In these devices the photocurrent 
decreased with increasing GuSCN (Figure S20). A decrease in 
the peak at 370 nm in the IPCE spectra (shorter wavelengths are 
filtered by the glass) which corresponds to I3– (Figure S20) was 
observed when GuSCN was added.  
The rest potential of a NiO and glassy carbon electrode in an 
acetonitrile solution of LiClO4 was measured whilst increasing 
amounts of tetrabutylammonium iodide (TBAI) were added; the 
results are plotted in Figure 9. The rest potential of the glassy 
carbon electrode in the solution exhibited Nernstian behavior with 
the potential shifting logarithmically against [I–]. This was not the 
case with the NiO working electrode. Instead the rest potential 
shifted by significantly less than 59 mV/decade at higher [I–]. The 
formation of I3– at the electrode surface during the experiment was 
confirmed by UV-visible absorption spectroscopy. This would 
lower the [I–] concentration and shift the rest potential accordingly 
Figure 10 shows the absorption spectra of LiI dissolved in 
acetonitrile in the presence and absence of NiO. When NiO was 
added a peak at 360 nm appeared, which is characteristic of I3–. 
This suggests that the NiO film immediately oxidises the I–.28 
When GuSCN was added to the electrolyte the band decreased 
in intensity. 
Figure 10. UV-Visible absorption spectra of 0.1 M LiI solutions with increasing 
amounts of GuSCN following the addition and removal of 1 mg NiO powder (top). 
The formation of triiodide at a NiO electrode on FTO in the presence of 0.1 M 
LiI in acetonitrile over time (bottom). 
Discussion 
The solar cell characteristics for the the IOD and TRI series were 
unexpected and somewhat counterintuitive. The JSC and VOC were 
generally independent of [I3–]. The JSC was also independent of 
[I2]free but the VOC decreases exponentially as [I2]free increases and 
[I–]eq decreases. The NiO valence band position appeared to be 
unaffected by the composition of IOD1-5 (see Figure S5 in the 
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ESI). The dark current increased and τh decreased across the 
IOD1-5 whereas there was little variation in recombination across 
the TRI series.  These results suggest that the rate of charge-
transfer between the electrolyte and the NiO increases with [I2]free 
rather than [I–]eq which varies in both series. This is in agreement 
with the results of Mori et al. and is not consistent with a 
recombination pathway based on electron transfer from I– to 
NiO.19  
In the TRI series the ratio of [I–]eq : [I3–]eq remained constant at 10:1 
whereas in the IOD series the ratio of [I–]eq : [I3–]eq decreases from 
12:1 to 1:1. We anticipate that there would be a small (30 mV) 
positive shift in the potential of the electrolyte solution as the [I–] 
decreased from 1300 mM in IOD1 to 200 mM in IOD5 that would 
decrease the VOC of the p-DSCs consistent with the experimental 
data in Figure 4 (left). However, as the difference in the redox 
potential of the electrolyte and the valence band of the NiO 
becomes smaller one would expect the driving force for 
recombination to decrease slightly. Therefore we anticipate that 
τh should increase from IOD1 to IOD5 but the opposite trend was 
observed and the τh decreased as [I–]eq decreased (and [I2]free 
increased) from IOD1 to IOD5.  The plot of τh vs. VOC in Figure S4 
suggests that the recombination increases across the IOD series 
despite the positive shift in electrochemical potential of the I3–/I– 
couple. The charge transport time (τtr) in the NiO electrodes 
decreases only slightly with increasing [I2]free. The effect is small 
despite the order of magnitude difference of [I–]eq between IOD1 
and IOD5, which is compensated by increasing [ClO4–].This 
suggests that the nature of the anion does not significantly affect 
the charge transport rate, even though this is thought to be 
surface mediated.30  
The trend we observed for the IOD and TRI series of electrolytes 
in p-DSCs matched the trend observed for n-DSCs in the study 
by O’Regan et al.18 In an n-DSC, electron transfer from the TiO2 
to I2 could be the preferred pathway for recombination for the 
following reasons which are illustrated in Figure S30. (1) 
Electrostatic repulsion of I3– from the surface could lead to a higher 
activation barrier for electron transfer to I3– compared to I2. (2) The 
redox potential E(I3–/I2●– + I–) is ca. 0.4 V more negative than 
E(I2/I2●–) so electron transfer from TiO2 to I2 is thermodynamically 
more favourable.45  
In p-DSCs the recombination reaction is the interception of 
positive charge (h+) in the NiO by the reduced species in the 
electrolyte. NiO typically has a positively charged surface which 
is compensated by a layer of hydroxyl ions so it is feasible that I– 
could be adsorbed more favourably on NiO compared to TiO2.48-
50  E(I●/I–) and E(I2●–/I–) are more positive than the valence band 
of NiO and E(I2/I–) is at a similar potential.45 Therefore the 
thermodynamically favourable oxidation product of I– by NiO 
should be I3– via the diffusion controlled EC mechanism.  
Macagno et al. described the reaction at a catalytic surface by 
Equations 5-7 below.47  
 
Equation 5  I– + S = I(S) + e–  
where S = an adsorption site on the NiO surface. 
Equation 6  I(S) + I– = I2 + S + e– 
Equation 7   I2 + I– = I3– 
 
At low concentrations of I– we expect to see a diffusion controlled 
wave and at high concentrations we expect to see a catalytic 
wave once the surface is saturated with I– and free I– is present in 
solution. The cyclic voltammetry data shown in Figure 9 is 
consistent with this model. Therefore it is surprising that in the p-
DSCs the rate of recombination was not faster for higher [I–]. 
The addition of GuSCN to the electrolyte also produced some 
surprising effects. It has been suggested that, in n-DSCs, 
adsorption of the guanidinium cation inhibits the dark current 
reactions which improves the VOC.7,34–37 However, thiocyanate is 
a pseudohalide and it has been well documented that it is an 
effective iodine scavenger.38–40 Considering the trend between 
the concentration of free I2 and the rate of charge recombination 
in n-DSCs observed by O’Regan et al., it is possible that GuSCN 
plays a dual role in n-DSCs. (1) The Gu+ could adsorb onto the 
TiO2 surface, modifying dye orientation and blocking 
recombination. (2) The SCN– could form a complex with free 
iodine to form I2SCN–, preventing recombination via the reduction 
of I2.  Griffith and McKeown reported an equilibrium constant of K 
= 111 for the formation of  I2SCN– in CCl4.40 Unfortunately this 
complex absorbs at 302 nm which overlaps with the NiO 
absorption. In p-DSCs, SCN– could adsorb preferentially to the 
NiO surface, preventing the oxidation of I– in the process 
described by Equations 5-7 above. The plots of extracted charge 
vs. VOC (Figure S17) suggest that the addition of GuSCN has little 
or no effect on the position of the valence band of the NiO and we 
tentatively conclude that it does not adsorb onto the NiO surface. 
Therefore the main role of this additive, at least in the case of NiO 
p-DSCs, could be complex formation between I2 and SCN–. The 
decrease in photocurrent for the devices containing GuSCN 
(which was more pronounced for the electrolyte with a higher 
[I2]free) is consistent with this hypothesis since dye regeneration 
would be slower or the photocurrent generated by I3– photolysis 
would be smaller due to the lower [I3–]. Since the increase in VOC 
is offset by a decrease in JSC the overall efficiency of the p-DSCs 
was not improved when GuSCN was added to the electrolyte. The 
decrease in current for the non-dyed cells when GuSCN was 
added is consistent with the p-DSC results and the hypothesis 
that SCN– forms a complex with I2 which lowers the [I3–].  
The solar cell data collectively imply that recombination occurs via 
oxidation of I2 rather than I–. However, the values of [I2]free in both 
n- and p-DSCs are on the order of nM but the dark current is in 
the order of mA. Several authors have suggested that the bulk [I2] 
may not be the same as the local [I2] at the 
semiconductor/electrolyte interface.  A study by De Angelis et al. 
using DFT and molecular dynamics calculations demonstrated 
that free I2 may coordinate to heteroatoms in the dye molecules.41 
If this increases the local [I2] close to the semiconductor surface it 
could increase the rate of charge recombination.42,43 Using FTIR 
O’Regan et al. showed that I2 can coordinate to the SCN– ligands 
in ruthenium dyes such as N719. In the same study it was 
demonstrated that I2 binds to the amine group in addition to the 
SCN– ligand on the dye AR24. When incorporated into n-DSCs 
the rate of charge recombination was increased 7-fold.28 It was 
concluded that this was a results of increased I2 concentration in 
the porous structure increasing recombination via the reduction of 
I2.43,44 In our studies we were able to remove the dye and test the 
ARTICLE    
 
 
 
 
 
effects of electrolyte composition independently of the dye due to 
the photocurrent generated by the photolysis of I3–. The results 
from the non-dyed cells were in agreement with the results from 
dye-sensitized cells. However, this does not necessarily mean 
that the bulk [I2] is be the same as the local [I2]. 
Figure 10 shows the absorption spectra of acetonitrile solutions of 
LiI in the presence and absence of NiO. The growth of a peak at 
360 nm, which is characteristic of I3–, shows that NiO catalyses 
the oxidation of I–.28 This is consistent with Equations 5-6. NiO 
oxidises I– to I2 at the surface and I2 reacts with the excess I– to 
form I3–. This peak decreased in intensity when increasing 
amounts of GuSCN were added to the solution suggesting that 
the formation of I3– is inhibited by GuSCN. This could occur either 
by (1) SCN– “mopping up” the  I2 in Equation 6, (2) binding 
preferentially to the NiO surface blocking Equation 4, or possibly 
(3)  reacting with adsorbed I(S) instead of I– in Equation 5 (i.e. 
Equation 8). (2) was ruled out above because there was no 
difference in the charge transport time or NiO valence band edge 
when GuSCN was added to the electrolyte. (3) is unlikely because 
the formation of I3– is observed spectroscopically.  
 
Equation 8  I(S) + SCN– = SCNI + S + e–  
 
Instead, these results imply that I2 participates in the oxidation 
reaction. A number of possibilities emerge, for example Equations 
9 or 10 followed by Equation 6 and 7. 
 
Equation 9   OH(S) + I2 = I(S) + HOI  
Equation 10 I2 + 2S + 2e– = 2I(S)  
 
The catalytic oxidation of I2 to IO3– (which is expected to proceed 
via HOI) has been previously observed at the surface of alkaline 
earth metal oxides such as MgO.51 This has also been proposed 
by Tributsch et al. to explain the bleaching of the electrolyte in n-
DSCs over time.52 However, at this stage we favour Equation 9 
since this is consistent with the formation of I3–. 
The results in Figure 10 also suggest that the concentration of I2 
at the electrolyte/NiO interface could be considerably higher than 
we had calculated above (Table 1) since I– appears to be oxidized 
by Ni3+ impurities at the NiO surface.  A typical absorption at 700 
nm which corresponds to Ni3+ in the films is 0.131 for a 1.2 μm 
thick film and the absorption coefficient calculated by Boschloo 
was 4000 M–1 cm–1.30 This suggests that the number of moles of 
Ni3+ in the electrode could be up to 70 x 10–6, which is similar to 
the number of moles of I– in 60 μL of 1M LiI electrolyte typically 
used in a p-DSC. To establish what effect this would have on p-
DSCs we pre-soaked a number of blank NiO films with an 
electrolyte solution (1.0 M LiI and 0.1 I2 in acetonitrile) for 0 - 60 
minutes. We then constructed a series of non-dyed cells using the 
same electrolyte. The current density vs. voltage curves for these 
cells are given in Figure S15 in the ESI. A notable decrease in 
VOC was observed for all the samples that were pretreated with 
the electrolyte. This is consistent with I– reducing the Ni3+ at the 
electrode surface and a corresponding negative shift of the 
valence band which lowers the VOC. The trends in VOC with [I2] 
were maintained however. Figure S17 shows that for a given 
amount of charge there is a 30 mV positive shift in VOC when the 
[I–]eq is decreased from 900 mM to 500 mM. This can be 
interpreted as a valence band shift towards positive potential and 
is consistent with more Ni3+ present at the NiO surface. This 
offsets the positive shift in electrochemical potential of the I3–/I– 
couple and explains why the recombination rate increases when 
the [I–]eq is decreased from IOD1-5. 
Conclusions 
We have observed that τh decreases and the dark current 
increases with increasing [I2]free in the electrolyte. Decreasing the 
[I2]free whilst keeping [I3-] the same leads to an improved 
photovoltage and overall device efficiency. GuSCN, a common 
additive in DSC electrolyte solutions, inhibits recombination and 
improves the VOC in both n- and p-DSCs. However in our devices 
this lead to little or no improvement in the overall device 
performance due to a simultaneous drop in photocurrent. Both 
these observations match the trend observed in n-DSCs and is 
somewhat counter-intuitive. Initial calculations indicated that only 
nanomolar [I2]free would be present in these solutions. However, 
we have shown that I– is easily oxidized to I2 in the presence of 
NiO, increasing the concentration of I2 localized at the NiO 
electrolyte interface. At high [I–], low [I2]free a catalytic oxidation 
wave is observed whereas at low [I–], high [I2]free a diffusion-limited 
anodic wave is observed. These results highlight the complexity 
of solar cells containing halogen-based electrolytes and highlight 
why they can be difficult to replace. The reaction of I– with Ni3+ 
may have a positive effect in reducing the surface states that lead 
to fast recombination with the photoreduced dye.1 Further work is 
needed to fully understand the redox behavior at the electrode-
electrolyte interface. 
Experimental Section 
Solar Cell Assembly  
Conducting glass substrates were cut to size and then by cleaned in an 
ultrasonic bath for 15 minutes, first in soapy water, second in iso-propanol 
and finally in acetone. NiO precursor solution was prepared by dissolving 
anhydrous NiCl2 (1 g) and the tri-block co-polymer F108 (poly (ethylene 
glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol)) (1 g) in 
ethanol (6 g) and ultrapure Milli-Q water (5 g).26 NiO electrodes were 
made by applying the precursor solution onto conducting glass substrates 
(Pilkington TEC15, sheet resistance 15 Ω/square) by doctor blade using 
Scotch tape as a spacer (0.2 cm2 active area), followed by sintering in a 
Nabertherm B150 oven at 450 °C for 30 min. The NiO electrodes were 
soaked in an acetonitrile solution of dye (0.3 mM) for 16 h at room 
temperature. The dyed NiO electrodes were assembled face-to-face with 
a platinized counter electrode (Pilkington TEC8, sheet resistance 8 
Ω/square) using a 30 µm thick thermoplastic frame (Surlyn 1702). The 
electrolyte, was introduced through the pre-drilled hole in the counter 
electrode, which was sealed afterwards. The composition of the electrolyte 
solutions in the IOD and TRI series are given in Table 1. All electrolyte 
solutions were prepared in anhydrous acetonitrile.  
Table 1. Composition of the IOD and TRI series of electrolytes 
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Electrolyte 
[I–]0 
[a] 
[I2]0 [b] [I3–]eq [c]  [I–]eq [d] 
[I2]free 
[e] 
[LiClO4] 
(mM) (mM) (mM) (mM) (nM) (mM) 
IOD1 1300 100 100 1200 13 0 
IOD2 1000 100 100 900 18 300 
IOD3 700 100 100 600 26 600 
IOD4 400 100 100 300 53 700 
IOD5 200 100 100 100 158 1170 
TRI1 1300 130 130 1170 18 0 
TRI2 1000 100 100 900 18 300 
TRI3 700 70 70 630 18 600 
TRI4 500 50 50 450 18 700 
TRI5 130 13 13 117 18 1170 
[a],[b] Concentration of LiI and I2 added to the electrolyte solution. [c],[d],[e] 
Concentration of I3-, I- and free I2 calculated from Equations 1 and 2 where Keq = 
106.8.18 
 
The composition of all other electrolyte systems used are given in the 
body of the text. 
Current Voltage Measurements 
Current-voltage measurements were measured using an Ivium 
CompactStat potentiostat under AM 1.5 simulated sunlight from an Oriel 
150 W solar simulator, giving light with an intensity of 100 mW cm–2 . 
Incident photon-to-current conversion efficiencies were recorded by 
passing the light from the solar simulator through an Oriel Cornerstone 130 
1/8m monochromator and recording the current from the solar cell with an 
Ivium CompactStat potentiostat which was calibrated against a Si 
photodiode. Small amplitude square wave modulated (SSWM) 
photovoltage and photocurrent experiments were performed on the same 
p-DSC devices used for current-voltage and IPCE measurements at open 
circuit and short circuit, respectively. SSWM experiments were done over 
a range of light intensities, using an Ivium Modulight as a modulated light 
source with a 10% modulation of light intensity. The photovoltage and 
photocurrent rise and decays were recorded using an Ivium CompactStat 
potentiostat; the lifetimes were fitted to a first-order exponential decay 
using MicroCal Origin Pro 7.5. Charge extraction was performed using the 
same equipment. The cell was illuminated at open-circuit until a constant 
VOC is reached; the light source was then switched off, allowing for a decay 
in photovoltage over a range of time intervals. Then the cell was switched 
to short-circuit conditions, and the current decay over 10 s was integrated 
to give the charge at varying photovoltages.27 
Cyclic Voltammetry  
Cyclic voltammograms were obtained using an Ivium Iviumstat 
potentiostat. A three electrode system was used with different working 
electrodes. TEC 15 FTO glass and NiO working electrodes were prepared 
as described above (working area: 0.78 cm2). Pt wire was used as the 
counter electrode and the reference electrode was a silver wire in contact 
with a 10 mM AgNO3 solution in 1.0 M LiClO4. Experiments using TEC 15 
FTO glass and NiO as the working electrode were performed in a custom 
made 3-neck electrochemical cell. The working electrode with an area of 
0.79 cm-2 was held in place at the bottom of the cell with an O-ring/clamp. 
The reference and counter electrodes and a nitrogen line occupied the 
three necks of the cell. The electrolyte solutions IOD2 and IOD5 were 
diluted 20 times, maintaining the ratios of I2, I3– and I–. The Li+ 
concentration from LiI and LiClO4 was maintained at 0.6 M for both 
solutions. All electrolyte solutions were prepared in anhydrous acetonitrile 
and degassed with bubbling nitrogen for 15 minutes. 
Rest Potentials/ Iodide Titrations 
Rest potentials were obtained using an Ivium Iviumstat potentiostat in a 
standard electrochemical cell. A two electrode system was used with either 
NiO or glassy carbon as the working electrode and silver wire in contact 
with a 10 mM AgNO3 solution in 1.0 M LiClO4 as the reference/ counter 
electrode. Precise amounts of either TBAI or TBAClO4 were added at 
regular time intervals and the change in rest potential was monitored at 
open circuit. All electrolyte solutions were prepared in anhydrous 
acetonitrile. 
UV-Visible Absorption Study of Iodide Oxidation 
UV-Visible absorption spectra were obtained using a Shimadzu UV-1800 
UV Spectrophotometer. 1 mg of NiO powder (sigma) was added to 2ml of 
0.1 M LiI solution with varying amounts of GuSCN. The NiO in these 
solutions was allowed to settle for 1 hr and then the solutions were filtered 
to remove all NiO. Kinetic studies were performed using an Ocean Optics 
USB2000+ VIS-NIR fiber-optic spectrometer with an Ocean Optics LS-1 
tungsten halogen light source. Catalytic I– oxidation of a 0.1 M LiI solution 
in the presence of a NiO electrode was monitored by taking UV-visible 
absorption spectra every second for ca. 60 minutes. The concentration of 
I3–  was then determined using a molar absorption coefficient obtained from 
literature (5.6 x 104 at 360 nm).28  All solutions were prepared in anhydrous 
acetonitrile. 
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Charge-recombination at the 
NiO/electrolyte interface is one of 
the performance-limiting factors 
that prevent dye-sensitized p-type 
solar cells (p-DSCs) from 
matching the efficiency of 
conventional TiO2 devices. This 
article describes a 
photoelectrochemical 
investigation of the charge-
transfer processes at the 
NiO/electrolyte interface. NiO 
appears to catalyze the oxidation 
iodide but the addition of GuSCN 
inhibits recombination.  These 
results suggest that new redox 
electrolytes will be needed if 
Tandem DSCs are to exceed the 
efficiency of state-of-the-art TiO2 
devices. 
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